NOTICE 


THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 



NASA Technical Memorandum 82733“ 


D 


Novel Improved PMR Polyimides 


( AAS A -Xfl- 7 


hovel 
td 


eat, 

^ ^02/nt 


AC J 
05CL 


11D 


HdL- n M7 


^ V-t ^ 


c 

Od^Su 


Ruth H. Pater 
Lewis Research Center 
Cleveland, Ohio 


Prepared for the 

Thirteenth National SAMPE Technical Conference 
Mt. Pocono, Pennsylvania, October 13-15, 1981 








NOVEL IMPROVED PMR POLYIMIDBS 
Ruth H* Pater 

National Aeronautiea and Space Admin iatrat ion 
Lewia Research Center 
Cleveland, Ohio 4413S 


Abstract 

N-phenylnadimide modified PMR 
resins and composites were 
investigated with the objective o^ 
improving the overall flow 
characteristics of PMR-13 type 
resins without compromising 
composite properties. A series of 
N-phenylnadimide (PN) modified PMR 
polyimide composites reinforced 
with Celion 6000 graphite fibers 
were investigated. The improved 
flow matrix resins consist of 
N-phenylnadimide (PN), monomethyl 
ester of 3-norbornene- 
2 ,3-dicarboxylic acid (NE), 
dimethyl ester of 3,3* , 

4 ,4 '-benzophenonetetracarboxylic 
acide (bTDE), and 
4 ,4 '-methylenedianiline (MOA). 

Five modified PMR resin systems 
were formulated by the addition of 
4 to 20 mole percent 
N-phenylnadimide to the standard 
PMR- 13 composition. These 
formulations and the control PMR 
resin were evaluated for 
rheological characteristics. The 
initial thermal and mechanical 
properties of the PN modified PMR 
and the control PMR/Celion 6000 
composites were determined. The 
elevated temperature flexural and 
interlaminar shear properties and 
the weight loss characteristics of 
the PMR composites isothermal ly 
exposed at 600°F in air for 1300 


hours were evaluated. In 
addition, the effects of 
hydrothermal exp.'tsure on the glass 
transition temper*; tures and the 
elevated temperature flexural 
properties of the PMR composites 
were also investigated. The 
results of this study clearly 
showed that the addition of 
N-phenylnadimide to PMR-13 
significantly improved the resin 
flow characteristics without 
sacrificing the composite 
properties. This study further 
revealed that concentrations of 4 
and 9 mole percent PN appear to 
improve the thermo-oxidative 
stability of PMR composites. 

Keywords: N-phenylnadimide 

Modified PMR Polyimides, PMR 
Polyimides, PMR Polyimide 
Composites, Composite Properties, 
Flow Properties, Thenso-oxidative 
Stability, Hydrothermal Exposure 

1. INTRODUCTION 

The "me It- f if behavior of the 
resin matrix exerts considerable 
influence on the overall 
processing characteristics and 
properties of fiber reinforced 
resin matrix composites. Until 
the development of the class of 
high- temperature-resistant resins 
Known as PMR polyimides, the 
intract ible nature of prior art 


high temp«ratur« ratint MvarAly 
restricted their use ee matrix 
meter iala. Early atudiea (2|3) 
demonstrated that PMR matrix 
reaina having a broad range of 
processing cheracteristics and 
properties could easily be 
synthesised by either varying the 
chemical nature or the 
stoichiometry of the monomer 
reactants. In the study 
which investigated the resin flow 
characteristics of fully imidised 
PMR compositions ranging in 
formulated molecular weight (PMU) 
bettieen 1000 and 1500, it was 
found chat the lower ^MW 
compositions exhibited increased 
resin flow, but with some 
sacrifice in elevated temperature 
thenno~oxidative stability. 
Vannucci ^4) reported that the 
resin flow characteristics of Che 
PMP. composition having an FKW of 
1500 (PMR- 13) could be varied by 
controlling the degree of resin 
advancement or imidization. 

This paper presents an alternative 
approach to achieve improved flow 
PMR polyiinides without sacrificing 
the desirable thermo-oxidative 
characteristics. The present 
approach utilizes a chemically 
compatible flow modifying agent, 
viz . N-phenylnadimide (PN). The 
modified PMR resins consist of 
four monomer reactants: 
monomethyl ester of 
5-norbornene-2 ,3-dicarboxylic acid 
(ME), dimethyl ester of 3,3', 

4,4 '-benzophenonc-tetracarboxylic 
acid (BTDE), 

4,4'-methylenedianiline (MDA), and 
the flow modifying agent, 
N-phenylnadimidc (PN). Table 1 
shows the cheirical structures of 
there compounds. 

The purpose of this investigation 
was to determine the processing 
characteristics and properties of 
PN modified PMR/Celion 6000 
composites. The flow properties 
of the PN modified PMR resins and 
the physical and mechanical 
properties of PN modified 
PMR/Celion 6000 composites exposed 
to isothermal aging in air at 


600^F and humidity eonditiona 
are praaanted. 

2. EXPERIMENTAL PROCEDURES 
2.1 Materials 

Monomethyi ester of 5-norbomana- 
2,3-dicarboxylic acid (NE, Burdick 
and Jackson), 4,4'- 
methylenadianiline (MDA, Eastman), 
3,3', 4,4'- 

bensophenonetetracarboxylic 
dianhydride (BTDA, Aldrich), 
3-norbornene-2 ,3-dicarboxylic 
anhydride (NA, Eastman) and 
aniline (Aldrich) were purchased 
from Che commercial sources as 
indicated and used as received. 
Unsized Celion 6000 graphite fiber 
tows were supplied by Celanese. 
Dimethyl ester of 3,3', 

4 , 4 ' -b enzophenone te t r ac ar boxy lie 
acid (BTDE) in 50 weight percent 
methanol solution was prepared by 
refluxing BTDA in methanol for 2 
hours. N-phenylnadimide was 
prepared according to the 
following procedure: To a stirred 

and warm (ISS'^F) solution of 
42.0 g (0.26 mol.:) of NA in 300 ml 
of acetonitrile was added in one 
portion a solution of 24 ml (9.26 
mole) of aniline in 75 ml of 
acetonitrile. The mixture was 
refluxed while stirring for 94 
hours. Upon cooling to room 
temperature, the reaction solution 
was washed 3 times with 200 ml of 
saturated potassium carbonate 
solution. Concentration of the 
organic solution using a rotary 
evaporator under reduced pressure 
afforded 55.4 g (89 percent yield) 
of endo- N-phenylnaJ imide as white 
crystals, m.p. 291-294®F. The 
spectral data supporting the 
chemical structure of this 
compound are given below; Ir 
NMR (CDCI 3 ): 1.51 (singlet, 2H, 

H 7 ^g) 2.79 (singlet, 2H, 

^l’,4^i (singlet, 2K 

H2,*3)i ^*29 (singlet, 2H 
Hsig). 7.28-7.36 (doublet, 5H, 
aromatic H). IR (KBr): 2880 

(C-H), 1765 and 1700 (imide 
carbonyl), 1592 and 1495 
(aromatic), and 740 cm~^ 

(cis-olef in) . A DSC scan gave the 
following: endotherm 292°F 
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(mU) «nd «ndoth«rii 518°F 
(aubliiMCiont).(^) 

2.2 Rhaological Chycf riaation 

Tab la 2 ahowa tha fiva PN modified 
PHR and tha control PMR raain 
coapoaitiona uaad in thia atudy. 
Tha molding powdera of tha aix 
raain ayatama wara praparad by tha 
ganaral procaduraa givan below: A 

SO weight percent solution of the 
monomer mixture in methanol was 
stirred at room temperature for 
1/2 hour to give a clear dark 
brown solution. The solution was 
concentrated using a rotary 
evapor-itor under reduced pressure 
first at 122°F for 45 minutes 

and Chen at 194 Cor IS 
minutes. This yielded a brown 
powder containing traces of 
solvent. The brown powder was 
then staged in an air-circuisting 
oven at 400<’F for 1 hour to give 
a brown molding powder which was 
used for the rheological and DSC 
studies. The rheological behavior 
of Che molding powders were 
determined using a Rheometrics 
Dynamic Spectrometer, Model 7700. 
Approximately 1 g of each molding 
powder was placed between parallel 
plates having 1 inch diameter. 

The temperature was raised at 
7®F/minute to 460®F at which 
point Che sample softened and the 
gap between Che platens was set to 
0.055 inch. Immediately, the 
sample was subjected to torsional 
shear at a constant frequency of 
10 radians/second and 10 percent 
strain. The sample was heated at 
7®F/minute and the shear 
viscosity was measured rnd 
recorded at 2 i.unute intervals 
over Che temperature range of 
460-590®F. 

2.3 Thermal Character isatio u 

For Che DSC scans, approximately 8 
mg of each molding powder was 
studied at a heating rate of 
18®F/minute under a static N 2 
atmosphere at 60 psi. 

2.4 Resin Flow 

The resin flow tor each composite 
system was determined under 
identical cure parameters as 


described below. Twelve pi lea of 
foufinch equate prepreg were 
eCacked unidirectionally in a 
mold. Tha stacked pliea were 
staged at 400®F for i hour in an 
air-circulating oven, placed in a 
cold matched metal die, and then 
placed in a preheated 600®F 
press. When the temperature of 
Che mold reached 450®F, 500 psi 
pressure was applied. The 
temperature was raised to 600®F 
at 7®F/minute the composite 
system was cured at 600®F under 
500 psi pressure for 2 hours. The 
resin material which flowed as a 
result of this cure process was 
determined according to the* 
following equation 

W 

2 

F • X 100 (1) 

w ♦ w 

I 2 


where 

F ■ resin flow, weight percent 
“ weight of resin in 

molded composite sample as 
determined by acid 
digestion method 
W 2 ■ 'eight of staged prepreg 
- weight of molded 
composite after removal of 
resin flash 

2.5 Composit e Fa brica tion 
The prepreg was prepared by drum 
winding the Cel ion 600 graphite 
yarn followed by brush application 
of a quantity of a 50 weight 
percent methanol solution of resin 
components calculated to yield 
finished composites containing 60 
volume percent fiber. The Capes 
were dried on the rotating drum at 
room temperature for 16 hours, 
removed from the drum, cut into 
3-inch by 8-inch plies, stacked 
unidirectionally to 12 plies, and 
then staged at 400®F for I hour 
in an air-circulating oven. The 
staged lay-up was placed in a cold 
matched metal die. This was then 
inserted into a preheated 600®F 
press. A thermocouple was 
attached to the matched die Co 
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follow the temporaturo. In ordor 
to obtain tha noldad compoaitaa 
having aimilar main eontanta, tha 
praaauriaation tamparaturaa for 
tha eoaipoaitaa wara prograaiivaly 
incraaaad at tha concantratfon of 
PN incraaaad. For tha control 
samplot 300 psi prassura was 
appliad whan tha dia tamparatura 
raachad 450<^P. For PMR-Pli 
PKR-P2, PMR-P3, PHR-P4, and 
PMR-P3, tha prassura was appliad 
whan tha dia tamparatura raachad 
540OF, 550<>F, 560OF, 

570OF, and SSOOP, 

raspactivsly , The tamparatura *4as 
than raisad to 600^ at 
7^F/minnta and all of the 
composites were cured at 600^F 
under 300 pai pressure for 2 h< itir- 
and removed from the press whet 
the die temperature reached 
330^F. Composites were given a 
free standing post-cure at SOO^^F 
for 16 hours in an air-circulating 
oven. 

2.6 Composite Characterisation 
The laminates were examined by 
ultrasonic C-scan for voids and 
defects prior to testing. The 
laminates showed essentially 
void-free scans, and thus were 
accepted for test specimen 
preparation. Flexural tests were 
performed in accordance with ASTM 
0790 using a three point loading 
fixture and at a center loading 
rate of 0.03 inch/minute. 

Specimen thickness, which ranged 
between 0.084 and 0.087 inch, 
resulted in span-to-depth ratios 
of 23 to 24. Interlaminar shear 
strengths were measured following 
ASTM D2344 specifications at a 
constant span-to-depth ratio of 
5. Elevated temperature 
mechanical tests on dry samples 
were performed in an environmental 
heating chamber after the chamber 
had equilibrated at the test 
temperature for 13 minutes prior 
to applying the load. A 13 minute 
equilibration period was not 
employed for testing of humidity 
exposed (wet) specimens. The load 
was applied to the wet specimens 
immediately after they had been 
placed in the loading fixture. 


This type of teat is referred to 
as a temperature spike test. '^7 
For the thermo-oxidative stability 
study » a series of precut flexural 
and interlaminar shear specisiena 
were exposed at 600°F in air for 
various time intervals and then 
tested. Thn weight loss data were 
obtained frc>m the precut flexural 
specimens. The fiber-resin 
compositions of the ccxnposites 
were determined by the H 2 SQ 4 
/H 2 O 2 digestion method, and 
the densities of the composites 
were measured using the liquid 
dir placement method. 

j. RESULTS AND DISCUSSION 

3.1 Processing Characteristics 
Figure 1 shows the rheological 
behavior of the PN modified and 
unmodified PMR-13 molding powders 
which had been imidised at 400*^F 
for one hour. It is evident that 
the PN modified PHR samples 
exhibited lower shear viscosities 
over the temperature range 460 to 
377®F when compared to PMR-15. 

The minimum viscosity of the 
control (PMR-13) was found to be 
2940 poise at 550®F while the 
minimum viscosities of the PN 
modified PMR samples varied from 
1769 for 4 mole percent PN to 884 
poise for 20 mole percent PN. 

This represents a decrease in the 
minimum shear viscosity ranging 
from 40 to 70 percent of the 
minimum viscosity for PMR-15 
control. Also, the minimum 
viscosities of the PN modified PMR 
resins occurred at lower 
temperatures than for the PMR-13 
control. At 579°F the 
viscosities of PN modified PMR and 
PMR-13 were equal. 

The minimum viscosity as a 
function of mole percent 
N-phenyln^dimide is plotted in 
Fig. 2. This figure shows that 
the addition of 4 mole percent PN 
to PMR-13 significantly reduces 
its viscosity. The figure also 
reveals Chat in Che PN 
concentration range of 4 to 20 
t'Ole percent a linear relationship 
holds. A linear relationship 
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ftiin flow ond aolo 
poreont PN oloo found in thn 
eoapooieo fabrication atudiaa in 
^ich the eonpoaitoi warn 
fabricated under ideuiieal 
condition. Aa indicated in Fip. 3» 
the main flow of the conpoaitaa 
incraaaad from 3 to 20 percent, 
uhen the PM nole percent waa 
incraaaad fron 0 to 12 percent. 
Thua, it ia clear that PM ia an 
effective flow modifying agent for 
PNR-15. Thia auggaata that the 
Mlt-flow propertiea of PMR 
polyimidea can be tailored to Met 
apecific proceaaing requireMnta 
by a ainple variation of the PN 
concentration. 

In addition to varying the PM 
concentrationa aa mentioned above, 
changing conpoaite presauriaation 
temperaturea in the cure cycle can 
provide an additional method to 
control the flow propertiea of the 
Ph modified PMR polyimide 
compoaitea. As described in 
Section 2. 3, the presauriaation 
temperatures for the control 
composite and PMR-Pl through 
PHR**PS were progressively 
increased from 450 to 5d0^. 

This was done to allow the PN 
modified PMR polyimide resins to 
advance to completely imidiaed 
prepolysters. As a result of 
delaying the application of 
pressure to higher temperatures in 
the cure cycle, each of the PN 
modified PMR polyimide composites 
exhibited resin flow equal to that 
of the control system. This is 
indicated by the resin content of 
each composite molded (Table 3}. 
Thia finding suggests that the PM 
modified PMR polyimides also offer 
versatility in selecting 
processing parameters, such as PN 
concentrationa and presauriaation 
temperaturea. tt ia expected that 
cure pressure can also be varied, 
but this parsMter was not 
investigated in this study. 

The thermal characteristics of the 
aiolding powders which had been 
treated at 400^P for 1 hour are 
shotm in Fig. 4. This figure 
shows that the thermal behavior of 


pm-pl (curve a) eloaely maamblaa 
chat of Cha control PNR-IS (curve 
b), auggasting that both raaina 
undergo the aama euro 
eharactariatics. Thia is axpectad 
aittca PM and PMR-IS imida 
prapolymrs contain a common 
croaalinkar, the nadic 
and-group and, thua, the 
crosslinking reactivity of PM is 
axpectad to be the earn aa that of 
PMRrlS imida praoolyMr. Other PM 
modified PMR molding powders 
exhibited similar DSC thermal 
behavior aa PMR-15. The PN 
modified resins aid\ibicad on-s>«t 
exotherms near 600<^F. Thia is 
the temperature at which the 
croaslinking reaction of Che nadic 
end groups occurs. The endotherm 
centered around 392 ^’F is 
assigned to the melt-flow of the 
imide prepolymers.^^^ 

The endotherm near 482 has not 
been observed in the work 
published previously. This 
thermal transition may be ascribed 
to the melting of polyamic acids, 
which are precursors of imide 
prepolymers. The reasons for this 
suggestion are based on the 
following observations: (1) this 

endotherm disappeared from the DSC 
thermogram of the control sample 
after additional treatMnt at 
500 F for 1/2 hour; (2) the 
disappearance of thia endotherm 
occurs with Che concomitant 
enlargement of the endothermic 
peak near 400*’F which is 
assigned to imide prepolymer. 

This is evident from a comparison 
of curve c with curve b shown in 
Fig. 4. (3) The infrared spectrum 

of Che control sample showed an 
absorption band around 1650 cuT^ 
assignable to carbonyl stretching 
vibration of an amide. Because 
the presence of polyamic acids 
depends on the extent of staging 
the molding pointers, it appears 
that the molding powders prepared 
according to the procedure 
described in Section 2.4 afforded 
both polyamic acids and imide 
prepolyMrs. This seems to 
suggest that staging of the PMR 
stonomer mixtures at 400^F for 
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OM hour My not rooult in 
eonploto iuidioation* HoM^or* 
ifhon tho aixturoa aro furthor 
troatod at SOO^ for 1/2 hour, 
eomplata eonvaraion of raaidual 
polyauic acida to iaida 
prapolyMra aaaaa to occur. 

Polyanic acida in tha control 
PNR*15 polyiuida ayatan had not 
boon obcarvad. Although tha 
praaanca of polyanic acid 
intornadiataa in tha PN nodifiad 
PMR and tha control (PMR-IS) 
raaina invaatigatad in thia atudy 
appaara wall founded, additional 
atudiaa need to ba carried out to 
verify their exiatance. 

3.2 Conpoaite Propartiaa 

3.2.1 **Aa Fabricated** Cowpoaitaa . 
Table 3 ahowa the phyaxcal 
propartiaa of tha PN modified and 
unmodified c o>poaitea. By 
delaying the application of cure 
preaaure to higher temperaturea in 
the cure cycle, essentially void 
free PN modified PMR composites 
were produced as d<}termined by 
ultrasonic C**scsn and by the resin 
digestion technique. The PN 
modified and unmodified PHR*1S 
composites shotfed only small 
variations (57 to 59 mole percent) 
in fiber content. Thus, the fiber 
contents of the PN modified PMR 
can be controlled in the sasie 
fashion as PMR-15 even though 
these resins have much higher flow 
characteristics. The Tg "of the 
modified PMR composites was about 
18°F lower than the Tg of the 
PMR-15 (control) composite. After 
isothermal aging for 1000 hours, 
the Tg's of all composites 
increased by about 360P. In 
addition, each of the aged 
composites invariably exhibited a 
second glass transition 
temperature which was found to be 
approximately 36<>r 'ligher than 
its first glass transition 
temperature. The presence of two 
distinctive glass transition 
temperatures suggests that at 
least two chemically distinctive 
polyimides may be forsied in the 
course of the long term 
thermo-oxidative exposure. 


Table 4 auMMriMa the Mcheulcel 
prepare iee of the "at fabricated*' 
compoaitaa. Although tha initial 
elevated tomparaturo propartiaa of 
tha modified compoaitea were 
alightly lower than thoao of the 
control, the room taapartiture 
propartiaa of tha nodifiad PMR 
compoaitaa ware aqual to or 
auparior to tha room tamparatura 
propartiaa of tha contrrl PNR-IS 
compoaitaa. Thus, it mi.y ba 
concludad that quality compoaitaa 
were fabricated froM nxghar flow 
PN modified PMR prepreg with no 
sacrifice in the siechanicsl 
properties of the composites. Tha 
high value of RT flexural strength 
for the PMR-P5 composite is not 
readily explainable at thia tism. 

3.2.2 Isothermal ly Aged 
Composites - Theriso-Oxidative 
Behavior^ Table 5 susmarxsM the 
elevated temperature mechanical 
properties of the composites 
exposed and tested at 600^F in 
air, using precut flexural and 
interlaminar shear specimens. 

Table 5 shows that PN modified and 
PMR-15 composites exhibited 
excellent strength properties at 
600^F after 1000 hours aging at 
600<*F in air. It is significant 
that as a result of 360 hours of 
exposure all of the composites 
sho«>ed a significant improvement 
in bOO'^F flexural and 
interlaminar shear strengths, but 
no change in flexural modulus. 
Furthermore, even after 1000 
hours, the composites maintained 
this improvement. Thus, the PN 
modified PMR composites exhibited 
a level of thermo-oxidative 
stability at least equivalent to 
the unmodified PMR-15. This is 
significant in that a high flow 
PMR has been developed with no 
compromise in the thermo-oxidative 
stability of the polyimide system. 

The 1500 hour isothermal aging 
data gave some rather unexpected 
results. Namely, PMR composites 
containing 4 and 9 mole percent PN 
(i.e., PMR-Pl and -P2, 
respectively) exhibited superior 
thermo-oxidative stability than 
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did PMI-IS and tha higlhar aola 
pareant PM eontainini eaapoaicaa* 
Thia !• furthar illuatratad by 
thait aupavioif flaxural atraafthi 
intar laainar ahaar atrangtb, and 
flaxural nodulua tatantion (Figa* 
St 6» and 7) and thair 
•ignifieantly louar uaight lota 
(Pig* 8) ralativa to PMK-IS and 
PMR-PSt *Pdt and -PS eompoaitaa. 
Purtharaorot the graatar 
tharao-oxidativa raaiatanca of tha 
4 and 9 aola pareant PM containing 
PMR coBpoaitaa ia ahown in thair 
fiber retention eharactariatica. 

Aa aaen in Pig* 9* the PMM-IS 
control coapoaite revealed aany 
looaa aurfaca fibera after tha 
iaotheraal axpoaura at 600*’P in 
air for ISOO houra (Pig. 9a). In 
atriking contraat, the PMR-Pl 
coapoaite contained no looaa 
aurfaca fibera after the aaae 
therao-oxidative expoaure aa that 
of the control (Fig. 9b). Thua« 
it appeara that 4 and 9 aole 
percent PN in PMR-15 have iaproved 
the thermo-oxidative atability of 
PHR-1S» and the uaeful lifetimea 
of PMR- IS /Cel ion 6000 coiapoaitea 
at 600<^ in air have been 
extended by approximately SOO 
houra. 

3.2.3 Hydrothermal ly Exposed 
Compoaitea . A aeries of precut 
flexural specimens of the PM 
modified and unmodified PMR-IS 
composites were exposed to 95 
percent relative humidity at 
180<^F for 360 houra. Table 6 
lists the glass transition 
temperatures and the elevated 
temperatura flexural strengths of 
the hydrothermal ly exposed com- 
posites. The composites exhibited 

1.3 percent equilibrium moisture 
absorption except for PMR-Pl 
sample* which absorbed 1.1 percent 
laoisture. Moisture caused a con- 
siderable decrease in the glass 
transition temperature* ranging 
from I80p to 54<>F. A slower 
heat-’>p rate of 18^/minute 
compared to 90<^/minute give 
higher Tg values* indicating that 
greater drying occurs at the lo«rer 
heating rate. This is further 
substantiated by the Tg*s of the 


eoiplee after drying for 15 
miimtee at 475<>P* The Tg'a of 
the dried aaaplea were nearly 
equal to the Tg'a of tha 
conpoeitea in the dry 
ac" fabric ted condition axeapt for 
PNR-Pl and -P5* Tha data 
damotstrata the ravereibility of 
aniautra effect on the Tg of 
PMR-15*^^^ The swiatura 
reaiatanco of PMRrPl and -P2 waa 
comparable to that of the control 
PNR-15 (bOQop flaxural atrangths 
of about 71.5 and 63 ksi for 
PMR-Pl and -P2* respectively* 
compared to about 65 ksi for 
PMR-IS sample). 

These values are approximately 50 
percent of the 600<*F dry 
strengths. The other PM modified 
PMR composites exhibited lo%fer 
flexural strengths than the above 
rmntioned composite systems. 

These results are in agreement 
with the isothermal aging results 
which showed that PMR composites 
containing 4 and 9 mole percent PM 
demonstrated higher composite 
properties. 

It was expected that lower 
flexural strengths would be 
obtained for the wet samples 
because the flexural strengths 
were measured at a temperature 
approaching the Tg of wet 
specimens using a temperature 
spike test. (8) This method 
minimises the drying of the 
composites. Conventional testing 
of wet PMR-15 composites usually 
includes a 15 minute equilibration 
period at the test temperature. 

Sera f ini and Hanson (8) showed 
that this allows the composite to 
dry out and does not p^-ovide a 
realistic assessment of effect of 
moisture. Therefore* the flexural 
strengths obtained in this study 
reflect more closely the actual 
flexural strengths of the wet 
samples than the values obtained 
by the conventional testing method. 

4. C0NCLUSI0M8 

The processing and properties of 
M-phenylnadimide modified PMR 
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polyimid«/C«lion 6000 graphite 
compoaitea v re inveatigated. On 
the baaia of theae reaults, it ia 
concluded that: 

1) higher flow N-phenylnadinide 
(PN) oiodified PMR matrix reaina 
have been developed which ahow no 
compromiae in the elevated 
temperature proper tiea of Cel ion 
6000/ poly imide compoaitea, 
compared to the control PMR- 15. 

2) Concentrationa of k and 9 mole 
percent Pu improve the 
thermooxidative behavior of the 
PMR-IS composite systems. 

3) Melt-flow properties of PN 
modified PMR polyimides can be 
tailored to meet specific 
applications by either varying the 
concentrations of PN or the 
composite pressurization 
temperatures. 
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TABLr 3. PHYSICAL PSOPBRTXBS OP NODZPXBD PMR POLYXHXOB/CELXOM 6000 COMPOSITES 


Gla»» Trantitipn Coapotition 



Density 

Teaperatura. 

^ 

I 

o 

> 

Percent* 

Resin Systen 



luB 



1^ 

PMR* IS 
(Control) 

l.SS 

666 

698 

739 

59.2 

40.2 

0.6 

PMR“P1 

1.56 

644 

56*) 

707 

58.1 

41.3 

0.6 

PMR-P2 

1.55 

644 

68o 

709 

58.8 

41.1 

0.1 

PMR-P3 

1.55 

644 

685 

716 

57.3 

42.2 

0.5 

PMR«P4 

1.55 

626 

680 

707 

57.9 

41.6 

0.5 

PMR-P5 

1.55 

653 

680 

711 

57.1 

42.5 

0.4 


* average of three deterninations 

deternined by thermonechanical analyait healing rate of IS^F/minute 
^ poet cured for 16 houra at 600^F in air 
^ aged at 600'^F in air 


TABLE 4. MECHANICAL PROPERTIES OF MODIFIED PMR POLYIMIDE/ 
CELION 6000 COMPOSITES AS FABRICATED 





Resin 

System 



Composite Property 
Flexural Strength, ksi* 

PMR- 15 
(Control 

PMR-Pl 

4 

/ 

PMR-P2 

PMR-P3 

PMR-P4 

PMR-P5 

Room Temperature 
600 ®F 

231.1 

133.9 

227.1 

112.7 

230.9 

118.4 

235.5 

127.5 

240.9 

126.4 

268.7 

129.6 

Flexural Modulus, psi x 

10^ * 






Room Temperature 
600®F 

16.17 

14.58 

15.66 

13.12 

17.19 

13.21 

15.64 

14.26 

16.62 

14.65 

17.66 

13.61 

Interlaminar Shear Strength, ksi 






Room Temperature^ 
600®F ® 

14.19 

6.46 

17.06 

6.13 

14.04 

5.94 

15.89 

6.78 

16.76 

7.53 

16.09 

6.58 

Tensile Strength, ksi^ 
10* off axis 







Room Temperature 

63.50 

64.16 

59.36 

62.20 

64.19 

64.12 

Tensile Modulus, psi x 

10^ 






Rr ■« Temperature*^ 
Elongation, Percent^ 

9.14 

1.07 

8.76 

1.18 

8.99 

1.21 

8.64 

1.45 

7.83 

1.53 

10.12 

1.17 


* average of three deterninations; nornaliied to 60 volume percent fiber 
^ average of five determinations 
^ average of three deterninations 
^ average of ^'our determinatiuus 
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TABU 5. WCKANICAL PBOnRTIBS OF MODXFIBD FHR FOLYXNIDE/ 
CBLXON BOOO C0NF08XTE8 KXF08BD AHD TB8TBD XN AXR AT 600^ 


Rttin 8yif« 


Composite Property 
Flexural Btrength, kai* 


j^MR-Fl 

FMR*F2 FMR*F3 

FMR-F4 

FMR-P5 

After exposure for 

0 Hour 

133.9 

112.7 

118.4 

127.5 

126.4 

129.6 


360 Hours 

143.6 

143.7 

140.9 

153.7 

161.4 

148.0 


600 Hours 

145.1 

151.2 

152.6 

151.7 

164.6 

143.9 


1000 Hours 

146.5 

153.5 

150.4 

154.4 

163.1 

154.8 

1500 Hours 
Flexurel Modulus, psi x 10^ * 

115.6 

137.2 

137.0 

138.2 

117.9 

121.7 

After exposure for 

0 Hour 

14.58 

13.12 

13.21 

14.26 

14.65 

13.61 

360 Hours 

15.54 

15.96 

14.79 

15.16 

15.2 

14.77 


600 Hours 

15.71 

14.71 

14.23 

15.14 

15.11 

14.01 


1000 Hours 

12.32 

13.00 

12.33 

12.32 

13.48 

12.64 

Interlaminar Shear 

1500 Hours 8.29 

Strength, ksi^ 

11.53 

11.04 

9.53 

8.15 

7.09 

After exposure for 

0 Ho'ir 

6./.5 

6.13 

5.94 

6.78 

7.53 

6.58 


360 Hw irs 

6.83 

6.67 

6.59 

7.02 

7.90 

6.91 


600 Hours 

6.7: 

6.64 

6.76 

7.10 

7.81 

7.24 


1000 Hours 

6.54 

6.59 

6.64 

7.02 

7.98 

7.33 


1500 Hours 

4.40 

5.58 

6.19 

6.13 

5.48 

5.55 

* average of three 
” average of three 

determinations; normalized < 
determinations 

to 60 volume percent fiber 


TABU 6. HYDROTHERMAL EFFECTS ON PROPERTIES OF MODIFIED PMR POLYIMIDE/ 
CELXON 6000 COMPOSITES EXPOSED FOR 360 HOURS AT 180°F AND 95 PERCENT 

RELATIVE HUMIDITY 


Resin 

Moisture Absorbed 

Class 

System 

Wt Percent * 

Dry® 

PMR- 15 
(Control) 

1.3 

666 

PMR-Pl 

1.1 

644 

PMR-P2 

1.3 

644 

PMR-P3 

1.3 

644 

PMP-P4 

1.3 

626 

PMR-P5 

1.3 

653 


Trantiticn Temp. , °F 




C* 

600*^' Flexura 
StrenRth, ksi 

617 

658 

658 

65.05 

599 

626 

613 

71.46 

599 

621 

642 

62.94 

621 

640 

622 

56.94 

608 

622 

622 

55.05 

617 

630 

61? 

54.40 


a 

b 


c 

d 


c 

f 


average of three deCcreiinatione 

dry ai fabricated compoaites teated at a heating rate of 18^/ninute 
tested at a heating race of 90°F/ainute 
tested at a hcati.ig rate of 18°F/minute 

after drying for 15 minutes at UTi**T and then tested at lS°F/minuCe 
temperature spike tested, average of five determinaCionSt and 
normalised to 60 volume percent fiber 
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NE8)N8Y8T{M 



TEMPERATURE. *F 

Figure 1 8ti««r viecotity M a function of 
ttmperatura for modifiod PMR 
ooiytmida molding powders 


> 



3 

% 



Figure 2 Mminum sheer viecoaity ae a function at nonoantration of 

N<pfionytnadinMde tor moMimi PMR potywmde molding powdara 
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RESIN SYSTEM 



PMR-1 5 (CONTROL) 

PMR-P1 

PMR-P2 

PMR-P3 

PMR-P4 

PMR-P5 


Flour* 5 Fl*xur*l •trtrtgth r*i*ntlon of modlNcd PMR poryimtd*/C*)kxi 6000 
coinpo*)t*4 *Rpo**ci arrd t*tt*d at 600* F in air 



FiQur* 6 lnt*fl*min«t ahaar tlrarrottr ralantlon ol modtfiaO PMR potylmlOa/Callon 
^ 6000 oompoaiiaa axpoaad and laatad at 600* F In air 



Figura 7 Flamiral moduKN ralantlon ol modlliad PMR polyimidalCallon 6000 
Gompoaifoa axpoaad and laatad at 600* F m air 






(OONTRa) 

RESIN SYSTEM 

Figur* 8 Wtighi Iom charactaRtUcs at modifiad PMR polyimidalCalion 6000 
oompoeitas axposed in air ai 800* F up to 1500 hours 
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Id) CONTROl PMR IS.CUION ttUl lOMPOSItt AtUR 1*01 hours A1 t01‘’ f IN AIR. 



ihi PMR PI I II ION t*U' fOMPOSIM AlUR 1*^10 hours AI ttv’ , IN AIR 

hqurcR Pholodu f ixir jphs s)l PMR ISjmiPMK Pl'l elion eiU' conposilet fsoos«1 dhd Ipsled 

in Il 0 «iirr .It I in jir. 
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